to functional synapses during maturation. For this reason, there is a general lack of evidence in favor of or 1999). However, attention has recently focused on the vertebrate central nervous system, where immature inefagainst the possibility that presynaptic mechanisms could participate in the maturation of silent synapses. fectual synapses, or "silent" synapses, can develop efficacy during maturation and activity-dependent condiTherefore, the goal of this study was to examine the maturation of presynaptic and postsynaptic properties tioning. Conversion of silent synapses into functional ones offers a powerful mechanism for mediating synapat glutamatergic synapses during the developmental period when silent transmission becomes functional. tic plasticity (for review, see Malenka
nearly synchronous manner, providing a system well creased by 3-fold, representing a rapid phase of new synapse formation (0.93 Ϯ 0.08 to 3.05 Ϯ 0.23 puncta/ suited for studying maturational changes during synaptic development. To determine when the molecular 20 m; n ϭ 100 dendritic segments of 400 m length each). To assess the functional status of these terminals, framework for synaptic terminals is assembled in our culture system, we used a presynaptic vesicle-associwe used a presynaptic functional marker, FM1-43 (Betz et al., 1992) , and a new fixable analog of FM1-43 called ated protein, synapsin I, as a developmental marker for tracking synaptogenesis (Fletcher et al., 1991 ). An AM1-43 to determine when synapsin I-positive terminals ( Figure 1A , red puncta) became endocytotically compeincrease in synapsin I localization to putative presynaptic terminals began at 7 days in vitro (DIV) and lasted tent. Unexpectedly, synapsin I-positive terminals in immature neurons were incapable of being labeled with over the next 4-5 days of development until reaching saturated levels at 11-12 DIV (Figure 1 ). During this pe-AM1-43 (compare top and bottom in Figure 1A ; 7 DIV). In contrast, as cultures neared 11-12 DIV, most synapsin riod, the density of synapsin I-positive terminals in-I puncta were colocalized with AM1-43 labeling (Figures we determined the ratio of their peak amplitudes from mEPSCs recorded under 0 mM Mg 2ϩ conditions. In im-1A and 1C), suggesting that additional maturation of synapsin I-positive terminals was required before synmature neurons (8 DIV; Figure 2B ), mEPSCs were primarily mediated by NMDARs. In contrast, for mature neurons aptic vesicles were competent to take up and retain the functional dye.
(13 DIV; Figure 2B ), the majority of mEPSCs contained both AMPA and NMDA components, although a small To determine whether the increased dye uptake was due to an abrupt "switching on" of synaptic vesicle recypercentage of events still lacked a predominant AMPAR component. For those events containing clear dual comcling or if the increased uptake by synapses developed gradually, we examined the time course of dye-loading ponents, their amplitudes were correlated. This correlation ; McAllister and Stevens, 2000; competency. Comparisons of FM1-43 intensity per labeled puncta revealed that between 8 to 10 DIV the level Watt et al., 2000) is associated with the coordinated activation of AMPARs and NMDARs under varying conof dye uptake increased moderately, suggesting that, while the synaptic terminals became functionally comcentration of transmitter within the synaptic cleft. Blockade of AMPAR activation by the antagonist NBQX repetent, they had a low capacity for dye uptake ( Figures  1B and 1C) . In contrast, from 10-15 DIV, the total amount sulted in a shift of ratios toward a vertical slope in mature neurons but was less noticeable in immature neuof FM1-43 per punctum increased significantly. Thus, initiation of synaptic vesicle turnover (8-10 DIV) was rons, confirming that the majority of mEPSCs recorded from immature synapses were comprised primarily of followed developmentally by an increased ability for dye uptake (11-15 DIV).
NMDAR-mediated current.
To examine whether mEPSC AMPA-quiet events are indeed To confirm that puncta labeled with FM dyes are associated with the existence of postsynaptic receptors, we NMDA only or whether they contain small AMPAR-mediated currents, we compared the times to peak of used iontophoretic application (100 nA; 1 ms) of glutamate to individual isolated small puncta. Indeed, funcmEPSC AMPA-quiet events during development. Inset in Figure 2B shows the averaged time to peak for 50-60 overtional AMPA and NMDA receptors were colocalized with labeled puncta and exhibited the typical properties of laid trials of mEPSC AMPA-quiet events in the presence or absence of NBQX. The rise time of mEPSCs AMPA-quiet is NMDA and AMPA I-V relationships observed in other preparations. Figure 1D shows a representative set of slower after blockade of AMPARs, indicating that mEPSCs AMPA-quiet contained low levels of AMPAR activation. iontophoretically evoked currents and an I-V plot of AMPA and NMDA receptor-mediated currents, indicatThis observation suggests that the mEPSCs AMPA-quiet occurred at synapses containing mixed receptor compleing that the functional presynaptic markers are indicative of pre-and postsynaptically functional synapses ments, not at NMDA receptor-only synapses. Thus, it is more appropriate to refer to the predominantly NMDA (see also Cottrell et al., 2000) .
receptor-mediated events as mEPSCs AMPA-quiet rather than NMDA-only events.
Maturation of Endocytotic Labeling Is Correlated
Interestingly, it was evident that the time to peak of with Conversion of Silent to pure mEPSCs NMDA recorded in the presence of NBQX Functional Transmission became faster as synapses matured. The time-to-peak Alterations in presynaptic function prompted the examidistribution of pure mEPSCs NMDA was significantly slower nation of how synaptic transmission might be affected in less-developed synapses as compared with distribuduring this period of development. Figure 2A changes: an increase in the AMPAR-mediated compoThese "AMPA-quiet" synaptic events (mEPSC AMPA-quiet ) nent and faster NMDAR activation. were most visible in 8 DIV neurons, whereas most mEPSCs recorded from 15 DIV neurons contained both AMPAR-and NMDAR-mediated currents (mEPSC dual ).
Evoked Figure 3E ). In contrast, most EPSCs nated from single synapses by using several lines of evoked from more developed (13-22 DIV) synapses conevidence. First, to obtain evoked synaptic currents with tained both AMPAR-and NMDAR-mediated responses electrical stimulation, the electrode tip needed to be ( Figure 3F ). The occurrences of EPSC fluctuations within 1 m of the FM1-43 puncta. Because FM1-43 among evoked trials were observable throughout develpuncta selected for stimulation had intersynapse disopment. To examine the time course of this conversion, tances larger than 5 m, it was unlikely that evoked we plotted the percentage of EPSC AMPA-quiet responses responses originated from multiple FM puncta. Second, during synaptic maturation ( Figure 3G ). At 7-12 DIV synprevious work has shown that small, single FM1-43 apses, EPSC AMPA-quiet responses were approximately half puncta correspond to individual synaptic sites (Liu et al., of the total evoked responses (50% Ϯ 8%; n ϭ 12 syn-1999). In addition, we performed serial reconstructions apses), whereas, at more mature synapses (13-22 DIV), of EM sections of synapses to confirm this conclusion EPSC AMPA-quiet responses were rarely detectable (2% Ϯ in our culture system. Indeed, a majority of synapses 1%; n ϭ 11 synapses). Young synapses were also more reconstructed (18 of 21 reconstructed terminals, or likely to result in a true failure of synaptic transmission ‫)%68ف‬ contained single putative presynaptic active than older synapses (7-12 DIV ϭ 52% Ϯ 5%, n ϭ 12 zones with single postsynaptic densities, and three presynapses; 13-22 DIV ϭ 5% Ϯ 3%, n ϭ 11; ANOVA, F(1, synaptic boutons contained dual release sites, each with 10) ϭ 19.72, p Ͻ 0.0013). Under normal external Mg 2ϩ a postsynaptic density. This number is slightly lower conditions, the failure rate for young synapses (7-12 than has been reported previously under identical cul-DIV) was ‫%57ف‬ if both the true failures and the evoked ture conditions (Forti et al., 1997) and is higher than events, which lack clear AMPA currents, are considered previous reports from another group (Schikorski and together as failures of transmission. Stevens, 1997). In 14% of terminals where two synapses An apparent correlation between the failure rate and exist, we can assume that both synapses have equal the proportion of evoked events that resulted in opportunity to undergo vesicle recycling and dye up-EPSC AMPA-quiet events could be found throughout developtake; therefore, FM1-43 intensity should reflect a 2-fold ment ( Figure 3E ). To test whether increased probability increase. Previously, showed that the of synaptic release and reduction of EPSC AMPA-quiet events distribution of areas of FM1-43 staining contained were causally related, we examined the effects of alter-‫%02ف‬ of puncta, which were 2-fold larger than the meing external Ca 2ϩ on the proportion of EPSC AMPA-quiet redian. Therefore, smaller FM-stained puncta have a sponses. The failure rate of synaptic transmission dehigher probability to be those boutons with a single creased after increasing the external Ca 2ϩ (12 DIV; Figure synaptic site undergoing synaptic vesicle turnover. 3C), but it did not alter the proportion of evoked Throughout this study, we were rigorous in our selection EPSC AMPA-quiet events ( Figure 3H ). This suggests that, of small weakly stained puncta for all manipulations.
although the reduced failure rate and decrease in Third, we compared the peak amplitude distribution of EPSC AMPA-quiet events are temporally correlated during evoked EPSC dual events obtained at high and low extermaturation, there was not a causal relationship between nal Ca 2ϩ concentrations. Since the probability of release the two developmental trends. is steeply dependent upon external Ca 2ϩ concentration (Dodge and Rahamimoff, 1967) If functional AMPARs are present at these synapses, tration profiles of glutamate were alternatively applied to a single synapse ( Figure 4B ), it was apparent that the why do transmitters released from presynaptic terminals, capable of activating NMDARs, fail to activate Fast application of transmitter activated both AMPARs and NMDARs, whereas the Slow profile applications AMPARs? We analyzed the kinetic mechanisms of AMPA and NMDA receptor activation and found that preferentially activated NMDARs and failed to evoke clear AMPAR-mediated responses. Moreover, when a AMPAR activation is largely dependent upon instantaneous concentration of transmitter, whereas NMDAR Slow profile of glutamate was delivered onto synapses where presynaptic stimulation evoked EPSC AMPA-quiet reactivation is determined by both peak concentration and duration of transmitter. Thus, if transmitter flux is fast, sponses, the evoked responses were similar to endoge- nous EPSC AMPA-quiet responses ( Figure 4C , horizontal filled However, as shown in Table 1 , no significant differences in the synaptic cleft widths or diameters of synaptic vesicles bars).
These data provided evidence that presynaptically were observed. Interestingly, the only significant change that was found during the ultrastructural studies was a evoked EPSC AMPA-quiet ure 6A, the largest AMPA responses were recorded when the tip of the iontophoretic electrode was aligned We investigated the consequences of fusion complex disruption on mature transmission by analyzing the with the FM1-43 dye spots. Furthermore, the AMPA current amplitudes were not reduced compared to control characteristics of mEPSCs from TeNTx-treated synapses. The frequency of miniature release events neurons (data not shown). These data suggest that maintenance and clustering of AMPARs was not signifi-(mEPSC dual and mEPSC AMPA-quiet ) was unchanged after 3 hr of treatment but was dramatically decreased by 24 cantly affected by toxin exposure. Moreover, the AMPA and NMDA activation kinetics were unaltered by the hr of treatment ( Figure 5E ). However, a large proportion of miniature currents were converted from mEPSC dual to toxin treatment, because the treated synapses responded in a manner consistent with the receptors in mEPSC AMPA-quiet events, similar to mEPSC AMPA-quiet events recorded from immature synapses (Figures 5D and 5E) . Figure 6D ). Thus, interference with the SNARE complex did not lead to changes in the activity, localizaevoke reliable synaptic responses. However, we were able to evoke synaptic release from the 1-3 hr TeNTxtion, or properties of postsynaptic AMPARs. treated cultures, though the failure rate in transmission was increased significantly compared to controls (control ϭ 14.3% Ϯ 7%, n ϭ 11 synapses; treated ϭ 87.1% Ϯ Discussion 6%, n ϭ 6 synapses; ANOVA f(1,5) ϭ 76.07, p Ͻ 0.0003; Figure 5H Figure 5H) . Therefore, the release mechanism at 1996; Wu et al., 1996) present the possibility that the these synapses behaved in a manner similar to that immature nervous system may hold the potential to be observed in young neurons where the majority of release dramatically sculpted through selective switching on of events involve AMPA-quiet synaptic transmission (Figappropriate sets of latent connections. Therefore, unure 2B). Perturbation of the SNARE complex, which in derstanding the recruitment mechanisms leading to turn influences the fusion process, can affect AMPAR transformation of silent into functional synapses may activation during synaptic transmission.
provide important insights into the establishment of the mature nervous system. We have shown that glutamatergic synapses undergo maturation in the flux of TeNTx Does Not Alter the Stability, Localization, neurotransmitter entry into the synaptic cleft-a transor Activity of AMPA Receptors formation that converts AMPA-quiet secretion into poAlthough it is known that TeNTx is able to enter presyntent mature synaptic transmission. These findings reveal aptic terminals through an activity-dependent uptake mechanism (Hua and Charlton, 1999), it is unclear a novel form of presynaptic maturation. , which would generate true silent deactivation kinetics, clustering, and alignment with presynaptic events in the presence of release from mature synaptic puncta did not vary significantly from trial to presynaptic terminals. Our data suggest that the additrial. Therefore, it was difficult to conclude that silent or tion of AMPA receptors to NMDA synapses generally AMPA-quiet synaptic transmission events were solely occurs prior to the maturation of functional transmitter due to the absence or highly dynamic nature of AMPA release in our culture system. Consequently, even after receptors.
both receptors are present postsynaptically, synaptic Therefore, we explored alternative explanations that transmission can still be functionally silent, possibly due take into account both the immature nature of presynapto a reduced flux of transmitter from immature terminals. tic terminals and the postsynaptic inclusion of AMPA Work from the hippocampal slice preparation has reand NMDA receptors during AMPA-quiet synaptic transcently suggested that presynaptic transmitter release mission. One possible mechanism is a change in the may be involved in silent transmission ( suggested that the rate of glutamate release must be reduced, causing a slower time to peak and attenuated maximum peak concentraExperimental Procedures tion of glutamate. However, the majority of glutamate needed to be released within 10 ms to induce the observed levels of NMDA recepCell Culture and FM Dye Staining tor activation. Using these values as boundaries, we utilized the Hippocampi were dissected from postnatal day 1-3 rat pups and following equation to simulate A(t). cultured as previously described (Liu and Tsien, 1995) . 
